Damage to peripheral nerves is known to contribute to chronic pain states, including mechanical and thermal hyperalgesia and allodynia. It is unknown whether the establishment of these states is attributable to peripheral changes, central modifications, or both. In this study, we used several different approaches to assess the changes in myelinated (A) and unmyelinated (C) cutaneous nociceptors after transection and regeneration of the saphenous nerve. An ex vivo recording preparation was used to examine response characteristics and neurochemical phenotype of different types of functionally defined neurons. We found that myelinated nociceptors had significantly lower mechanical and thermal thresholds after regeneration, whereas C-polymodal nociceptors (CPMs) had lower heat thresholds. There was a significant increase in the percentage of mechanically insensitive C-fibers that responded to heat (CHs) after regeneration. Immunocytochemical analysis of identified afferents revealed that most CPMs were isolectin B4 (IB4) positive and transient receptor potential vanilloid 1 (TRPV1) negative, whereas CHs were always TRPV1 positive and IB4 negative in naive animals (Lawson et al., 2008) . However, after regeneration, some identified CPMs and CHs stained positively for both markers, which was apparently attributable to an increase in the total number of IB4-positive neurons. Real-time PCR analysis of L2/L3 DRGs and hairy hindpaw skin at various times after saphenous nerve axotomy suggested multiple changes in neurotrophic factor signaling that correlated with either denervation or reinnervation of the cutaneous target. These changes may underlie the functional alterations observed after nerve regeneration and may explain how nerve damage leads to chronic pain conditions.
Introduction
Peripheral nerve transection leads to axon regeneration and subsequent reinnervation of the target tissue if the cut ends of the nerve are closely approximated. Depending on regeneration distance, this process can take several weeks to months (Horch and Lisney, 1981; Carter and Lisney, 1987; Lisney, 1987; Jankowski et al., 2008) and involves a variety of molecular and biophysical changes in sensory neurons (Taniuchi et al., 1986; Terenghi, 1995; Koerber et al., 1994 Koerber et al., , 1999 Ruocco et al., 2000; Campbell, 2001; Kury et al., 2001; Koerber and Woodbury, 2002; Priestley et al., 2002; Oaklander and Brown, 2004; Obata and Noguchi, 2004; Bennett et al., 2006) . For example, peripheral nerve injury is known to induce changes in neuropeptides, G-protein coupled receptors, signal transduction molecules, ion channels, and growth-associated proteins (Bisby and Keen, 1986; Smith and Skene, 1997; Ishikawa et al., 1999; Kim et al., 2001; Decosterd et al., 2002; Xiao et al., 2002; Obata et al., 2003) in the dorsal root ganglia (DRGs). These changes could be attributable to the injury itself and/or the altered environment encountered by the regenerating axons at the injury site (Taniuchi et al., 1986; Lee et al., 2001; Campana et al., 2006) and/or in the target tissue. These alterations have been suggested to correlate with other changes in sensory neurons such as increased spontaneous activity (Xie et al., 1995; Djouhri et al., 2006) and/or hyperexcitability (Wall and Devor, 1983; Kajander and Bennett, 1992; Amir et al., 1999; Waxman, 1999) , leading to conditions of acute and/or chronic pain.
It has been proposed that neurotrophic factors in particular may play an important role in injury-induced responses of peripheral sensory neurons (Lundborg et al., 1994; Wang et al., 2003) . This is supported by additional studies in which we have shown that constitutive overproduction of neurotrophic factors in the skin induced changes in thermal and mechanical sensitivity of specific cutaneous nociceptors, which were correlated with changes in the levels of putative thermal [transient receptor potential vanilloid (TRPV)] and mechanically [acid sensing ion (ASIC)] sensitive ion channels. For example, excess artemin resulted in increased heat sensitivity in C-polymodal nociceptors (CPMs), which was correlated with an increase in TRPV1 Elitt et al., 2006) . Overexpression of neurotrophin-3 (NT-3) resulted in increased mechanical sensitivity of myelinated nociceptors and was correlated with an increase in the expression of ASIC3 and TRPV2 in DRGs (McIlwrath et al., 2007) . Finally, we found that cutaneous injection of these and other growth factors can cause acute heat hyperalgesia .
These results lead us to hypothesize that altered levels of neurotrophic factors in the peripheral target tissues correlate with the changes in regenerating sensory neurons (i.e., hypersensitivity to peripheral stimuli). To test this hypothesis, we used an ex vivo skin/nerve/DRG/spinal cord preparation to quantitatively characterize peripheral response properties of sensory neurons after saphenous nerve axotomy and regeneration. Additionally, we also examined mRNA and protein levels of specific neurotrophic factors in the skin and receptors/channels in DRGs during regeneration to identify molecular changes that correlate with alterations in sensory neuron function.
Materials and Methods
Animals. Experiments were conducted using age-matched adult (4 -6 weeks) male Swiss-Webster (SW) mice (Hilltop Farms). All animals were housed in group cages, maintained in a 12 h light/dark cycle with a temperature-controlled environment, and given food and water ad libitum. All procedures used in these experiments were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh. Animals were cared for and used in accordance with guidelines of the United States Public Health Service Policy on Humane Care and Use of Laboratory Animals and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and following institutional Association for Assessment and Accreditation of Laboratory Animal Care-approved practices.
Saphenous nerve axotomy. Mice were anesthetized by an injection of a mixture of ketamine and xylazine (90 and 10 mg/kg, respectively). A small incision was made in the skin at the midthigh level over the saphenous nerve. The exposed nerve was transected using fine iridectomy scissors without disturbing the surrounding connective tissue. Therefore, the cut ends of the nerve remained closely apposed. The wound was closed using 7.0 silk sutures. Animals were allowed to survive for 7-84 d after nerve injury for immunocytochemical, electrophysiological, Western blotting, and/or real-time PCR analysis.
Ex vivo preparation. The ex vivo somatosensory system preparation has been described in detail previously (Woodbury et al., 2001) . Briefly, mice were anesthetized via injection of ketamine and xylazine (90 and 10 mg/kg, respectively) and perfused transcardially with oxygenated (95% O 2 -5% CO 2 ) artificial CSF (aCSF) (in mM: 1.9 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 2.4 CaCl 2 , 26.0 NaHCO 3 , and 10.0 d -glucose) containing 253.9 mM sucrose at 12-15°C. The spinal cord and the right hindlimb were excised and placed in a bath of aCSF. Hairy skin of the right hindpaw, saphenous nerve, DRGs, and spinal cord were isolated. After dissection, the preparation was transferred to a separate recording chamber containing chilled oxygenated aCSF in which the sucrose was replaced with 127.0 mM NaCl. The skin was pinned out on a stainless steel grid located at the bath/air interface, such that the dermal surface remained perfused with the aCSF while the epidermis stayed dry. The platform served to provide stability during applied thermal and mechanical stimuli. The bath was then slowly warmed to 31°C before recording.
Recording and stimulation. Sensory neuron somata were impaled with quartz microelectrodes (impedance Ͼ150 M⍀) containing 5% Neurobiotin (Vector Laboratories) in 1 M potassium acetate. Orthograde electrical search stimuli were delivered through a suction electrode on the nerve to locate sensory neuron somata innervating the skin. Peripheral receptive fields (RFs) were localized with a blunt glass stylus and von Frey hairs. When cells were driven by the nerve but had no mechanical RF, a thermal search was conducted. This was accomplished by applying hot (ϳ52°C) and/or cold (ϳ0°C) physiological saline to the skin. There was some concern that the brief but multiple applications of hot saline might cause sensitization of nociceptors during the course of an experiment. We examined this possibility in a recent study (Lawson et al., 2008) and found no change in average heat thresholds obtained at the onset of the experiment when compared with the average heat thresholds of the last fibers recorded. We have made a similar comparison of the data from these experiments in mice after nerve regeneration and also found no change in the average heat thresholds during the course of these experiments (data not shown).
The response characteristics of DRG cells were determined by applying digitally controlled mechanical and thermal stimuli. The mechanical stimulator consisted of a tension/length controller (Aurora Scientific) attached to a 1-mm-diameter plastic disc. Computer-controlled 5 s square waves of 1, 5, 10, 25, 50, and 100 mN were applied to the RF of the cell. After mechanical stimulation, a controlled thermal stimulus was applied using a 3 mm 2 contact area peltier element (Yale University Machine Shop). The temperature stimulus consisted of a 12 s heat ramp from 31 to 52°C, followed by a 5 s plateau at 52°C. The stimulus then ramped back down to 31°C in 12 s. Adequate recovery times (ϳ30 s) were used between stimulations. While recording from myelinated nociceptors in many cases, multiple heat applications were made, and, in some cases, the heat ramp was continued to 54°C and held for 5 s. In other instances, fibers that were unable to be characterized by computercontrolled mechanical or thermal stimulation but were characterized by von Frey and/or saline stimuli were not included in the determination of thresholds. All elicited responses were recorded digitally for offline analysis (Spike2 software; Cambridge Electronic Design). After physiological characterization, select cells were labeled by iontophoretic injection of Neurobiotin (two to three cells per DRG). Peripheral conduction velocity (CV) was then calculated from spike latency and the distance between stimulating and recording electrodes (measured directly along the nerve). All electrophysiological and immunocytochemical experiments in naive and nerve-injured mice were performed blinded to the experimenter.
Tissue processing and analysis of recorded cells. Once a sensory neuron was characterized and intracellularly filled with Neurobiotin, the DRG containing the injected cell was removed and immersion fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 30 min at 4°C. Ganglia were then embedded in 10% gelatin, postfixed in 4% paraformaldehyde, and cryoprotected in 20% sucrose. Frozen sections (60 m) were collected in PB and reacted with fluorescently tagged (FITC) avidin to label Neurobiotin-filled cells (Vector Laboratories). Next, each section was processed for isolectin B4 (IB4) binding (AlexaFluor 647; Invitrogen) and/or TRPV1 (1:500; Calbiochem), CGRP (1:2000; Millipore Bioscience Research Reagents), TRPV2 (1:2000; gift from M. Caterina, Johns Hopkins University, Baltimore, MD), and ASIC3 (1:1000; Millipore Bioscience Research Reagents) immunohistochemistry. After incubation in primary antiserum, tissue was washed and incubated in cyanine 3 (Cy3)-conjugated donkey anti-rabbit secondary antiserum (1:200; Jackson ImmunoResearch). Distribution of fluorescent staining was determined using Olympus FluoView 500 laser-scanning confocal microscope. Sequential scanning was performed to prevent bleed through of the different fluorophores.
The coexpression of IB4 and TRPV1 was analyzed in four L3 DRGs from naive mice and three L3 DRGs from each nerve injured group. DRGs were taken after electrophysiological experiments and stained as described above. Tissue sections were analyzed as reported previously (Christianson et al., 2006) . In brief, three nonconsecutive sections were randomly chosen, and 15 m stacks with 3-m-thick optical sections were captured using a 40ϫ oil-immersion objective. Multiple optical stacks were taken of each selected tissue section, and visual confirmation was used to avoid analyzing cells twice. The number of IB4-and TRPV1-positive cells and those immunoreactive for both proteins were counted and averaged in the top and bottom optical section of each stack. The percentage of double-labeled cells was determined and reported as mean Ϯ SEM.
Sections of hairy hindpaw skin from naive and nerve-injured mice were also dissected, fixed, and sectioned as described. Skin sections were blocked and incubated in primary antiserum rabbit anti-PGP9.5 (1:500; Ultraclone) overnight at room temperature. After incubation in primary antiserum, tissue was washed and incubated in Cy3-conjugated goat anti-rabbit secondary antiserum (1:200; Jackson ImmunoResearch). Tissue was analyzed as described above using confocal microscopy.
RNA isolation and real-time PCR. Animals were anesthetized as described, and the dorsal hindpaw skin was shaved. The skin innervated by the saphenous nerve was quickly removed, taking care to acquire skin from the central part of the innervation field. Trizol reagent was then used to isolate RNA from skin. The mice were then intracardially perfused with ice-cold 0.9% NaCl before dissection of DRGs. RNA isolation from the L2 and L3 DRGs was performed using Qiagen RNeasy mini kits for animal tissues using the supplied protocol. RNA concentrations were then determined by obtaining A260 readings on a GeneQuant spectrometer. Purified RNA was treated with DNase I (Invitrogen) for 15 min at room temperature, and 1 g of DNased RNA was reverse transcribed using Superscript II Reverse Transcriptase (Invitrogen). For real-time PCR, 20 ng samples of cDNA were added to a SYBR Green MasterMix (Applied Biosystems) and run in triplicate on an Applied Biosystems Imager. Values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and changes in expression were calculated as a ⌬⌬Ct value that is determined by subtracting the cycle time (Ct) values of the gene of interest from the GAPDH internal control for each sample and compared among samples. Fold change is described as 2 ⌬⌬Ct (Applied Biosystems), and twofold change equals 100% change. GAPDH did not change after axotomy in any samples relative to naive mice and verified the use of this internal control for normalization.
Primer sequences. Forward and reverse primer sequences used in realtime PCR reactions for GFR␣3, tyrosine receptor kinase A (trkA), TRPV1, TRPV2, TRPV3, TRPV4, ASIC1, ASIC2a, ASIC3, and GAPDH were obtained from Elitt et al. (2006) . All remaining sequences are as follows: nerve growth factor (NGF): forward, 5Ј-ACA CTC TGA TCA CTG CGT TTT TG-3Ј; reverse, 5Ј-CCT TCT GGG ACA TTG CTA TCT GT-3Ј; BDNF: forward, 5Ј-CCA TAA GGA CGC GGA CTT GT-3Ј; reverse, 5Ј-AGG AGG CTC CAA AGG CAC TT-3Ј; NT-3: forward, 5Ј-CCT GTG GGT GAC CGA CAA G-3Ј; reverse, 5Ј-GAT CTC CCC CAG CAC TGT GA-3Ј; NT-4/5: forward, 5Ј-GGA GGC ACT GGC TCT CAG AAT-3Ј; reverse, 5Ј-CCC TGG GAG TCT GCA GTC AA-3Ј; glial cell linederived neurotrophic factor (GDNF): forward, 5Ј-AGC TGC CAG CCC AGA GAA TT-3Ј; reverse, 5Ј-GCA CCC CCG ATT TTT GC-3Ј; Neurturin: forward, 5Ј-TGA GGA CGA GGT GTC CTT CCT-3Ј; reverse, 5Ј-AGC TCT TGC AGC GTG TGG TA-3Ј; artemin: forward, 5Ј-GGC CAA CCC TAG CTG TTC T-3Ј; reverse, 5Ј-TGG GTC CAG GGA AGC TT-3Ј; p75: forward, 5Ј-GGG TGA TGG CAA CCT CTA CAG T-3Ј; reverse, 5Ј-GTG TCA CCA TTG AGC AGC TTC T-3Ј; trkB: forward, 5Ј-GCT GAT GGC AGA GGG TAA CC-3Ј; reverse, 5Ј-GCG ATT TGC TGA GCG ATG T-3Ј; trkC: forward, 5Ј-GCT TTC CAA CAC GGA GGT CAT-3Ј; reverse, 5Ј-GCA GAC TCT GGG TCT CTC CAA-3Ј; GFR␣1: forward, 5Ј-GTG TGC AGA TGC TGT GGA CTA G-3Ј; reverse, 5Ј-TTC AGT GCT TCA CAC GCA CTT G-3Ј; GFR␣2: forward, 5Ј-TGA CGG AGG GTG AGG AGT TCT-3Ј; reverse, 5Ј-GAG AGG CGG GAG GTC ACA G-3Ј; P2X3: forward, 5Ј-TGG AGA ATG GCA GCG AGT A-3Ј; reverse, 5Ј-ACC AGC ACA TCA AAG CGG A-3Ј; P2Y1: forward, 5Ј-GGC TAT CTG GAT GTT CGT TTT CC-3Ј; reverse, 5Ј-CCA GAG CCA AAT TGA ACA TGT ACA-3Ј; P2Y2: forward, 5Ј-TTG GCA GGG GCT CAG GA-3Ј; reverse, 5Ј-GCA TAG GAG TCG GGT GCA-3Ј.
Western blot. Hairy hindpaw skin or DRGs from nerve-injured mice was homogenized in lysis buffer containing 1% SDS, 10 mM Tris-HCl, pH 7.4, and protease inhibitors (1 g/ml pepstatin, 1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM sodium orthovanadate, and 100 g/ml phenylmethylsulfonyl fluoride; Sigma). Samples (10 g) were centrifuged, boiled 10 min in a denaturing buffer containing ␤-mercaptoethanol and SDS, separated on an 8% (artemin) or 15% (GFR␣3) polyacrylamide SDS-PAGE gel, and transferred to a polyvinylidene difluoride (Hybond) membrane (GE Healthcare) that was blocked in 5% milk (in 0.1 M Trisbuffered saline with 0.1% Tween 20) and then incubated with primary antibodies overnight at 4°C [GFR␣3, 1:100 (R & D Systems); artemin, 1:500 (R & D Systems); actin, 1:10,000 (Sigma)]. Antibody binding was visualized using horseradish peroxidase-conjugated goat anti-rabbit or donkey anti-goat secondary antibodies (1:10,000) and chemiluminescence detection (Pierce). Immunoreactive bands were analyzed by densitometry and intensity quantified using NIH ImageJ software. Band intensity was normalized to actin and reported as a percentage change.
Data analysis. One-way ANOVA tests and post hoc analysis (Tukey's tests) were used to analyze differences in firing rate and instantaneous frequency in low-threshold mechanoreceptors. Nonparametric, Kruskal-Wallis tests and post hoc analysis (Dunn's test) were used to analyze data associated with mechanical and thermal thresholds of both myelinated (A) and unmyelinated (C) fibers. This information was sorted by neuronal functional type to examine whether or not certain classes of neurons have coherence with regard to the expression of any of the markers tested. Differences in fiber prevalence were determined by 2 analysis. Percentage changes in mRNA were also determined to be statistically significant by ANOVA with post hoc analysis (Tukey's). Statistical analyses were performed on the raw Ct data and represented for ease of presentation as a percentage change. p values were set at p Ͻ 0.05.
Results

Time course of denervation and reinnervation of skin by axotomized and regenerating saphenous axons
The time course of denervation and reinnervation of the hairy hindpaw skin by the axotomized and regenerating saphenous nerve was determined by immunolabeling the skin with panaxonal marker PGP9.5 (Fig. 1) . Seven days after saphenous nerve axotomy, the skin is virtually devoid of all axonal innervation ( Fig. 1 A) . After 14 d, the dermis began to be reinnervated by regenerating saphenous afferents ( Fig. 1 B) , and, after 21 d, the epidermis was reinnervated (Fig. 1C) . After 4 weeks, both the epidermis and dermis were heavily reinnervated by putative regenerated afferent fibers ( Fig. 1 D) , although the extent of reinnervation did not appear to completely reach that of control mice at this time point (Fig. 1 E) . We did not observe any obvious qualitative differences between proximal and distal portions of the cutaneous target at any of the time points tested (data not shown). It should be noted that, using this histochemical approach, we are unable to determine the difference between regenerated fibers and possible collateral sprouts of intact fibers. To minimize this possibility, we have sampled areas of skin well within the borders of the saphenous nerve innervation field. Regardless, our subsequent recording experiments verified that ample reinnervation by regenerated saphenous nerve fibers had occurred at the 4 -6 week time point.
In addition to these anatomical assessments, mice were also tested behaviorally by pinching the reinnervated skin using small serrated forceps. Foot pinching was performed on the dorsal surface of the hindpaw skin at a point between the ankle and the digits. Whereas this stimulus elicited a withdrawal reflex in some animals as early as 3 weeks after transection, at the 4 week time point, all mice exhibited clear responses to foot pinch. Based on these results, we began functional analysis of single sensory neurons 4 weeks after nerve transection. Given the high probability that additional fibers would be continuing to reinnervate the saphenous skin at this time point, we examined fibers during a 2 week window after nerve cut (4 -6 weeks). To determine whether the functional properties of regenerated fibers were altered with time after regeneration, we also examined mice at 10 -12 weeks after axotomy.
Axotomy and regeneration induces changes in the electrophysiological response properties and neurochemical phenotype of DRG neurons A total of 309 primary cutaneous neurons were intracellularly recorded and physiologically characterized from 27 naive (187) and 36 (122) nerve injured Swiss-Webster mice. Of these, 14 mice were used for the 4 -6 week time point and 22 for the 10 -12 week time point. Neurons with a conduction velocity of Ͻ1.2 m/s were classified as C-fibers (Kress et al., 1992) , and all others were classified as A-fibers. Conduction velocities between 1.2 and 10 m/s were considered to be in the A␦ range, and those Ն10 m/s were classified as conducting in the A␤ range (Koltzenburg et al., 1997; McIlwrath et al., 2007) . In both naive and nerve-regenerated preparations, we encountered a number of cells that were driven by the electrical nerve stimulus but were found to be both mechanically and thermally unresponsive (data not shown). However, only cells that had a response to cutaneous stimulation (mechanical or thermal) were included in the analysis. Myelinated fibers were divided into two groups, low-threshold mechanoreceptors and high-threshold mechanoreceptors (nociceptors) based on mechanical response properties and somal spike shapes. For example, in addition to clear differences in their peripheral response properties, myelinated nociceptors also had characteristic broad action potentials with inflections on the falling phase of the spike (Koerber et al., 1988) . The low-threshold mechanoreceptors were divided into three groups: (1) slowly adapting type 1 (SA1); (2) A␤ rapidly adapting (RA) (guard-hair afferents); and (3) A␦ rapidly adapting down-hair (D-hair) afferents. Naive SA1, RA, and D-hair afferent mechanical thresholds were determined to be 6.1 Ϯ 1.9 mN (n ϭ 13), 5.1 Ϯ 0.6 mN (n ϭ 20), and 2.9 Ϯ 0.8 mN (n ϭ 13), respectively. A-fiber nociceptors were sorted into two categories: A-polymodal, meaning those that respond to mechanical and thermal stimuli (APM) (n ϭ 18), and A-mechanical (AM), meaning those that only responded to this single modality (n ϭ 13). In naive mice, A␤ and A␦ nociceptors had statistically indistinguishable mechanical and heat thresholds (23.3 Ϯ 3.7 mN, n ϭ 6; 20.8 Ϯ 3.0 mN, n ϭ 18; and 41.5 Ϯ 0.4°C, n ϭ 4; 41.8 Ϯ 0.7°C, n ϭ 9, respectively). Therefore, for additional statistical analysis, these fiber types were combined. Collectively, naive A-fiber nociceptors had a mechanical threshold of 21.9 Ϯ 3.5 mN (n ϭ 24) and heat threshold of 41.8 Ϯ 0.9°C (n ϭ 13). In five cases, APMs responded to a thermal stimulation (hot saline), but threshold was unable to be obtained.
The C-fiber classes included: (1) C-polymodal (CPM), which responded to mechanical and heat (CMH) and sometimes cool/ cold stimuli (CMHC); (2) C-mechano (CM), which responded only to mechanical deformation of the RF of the cell; (3) C-mechano cool/cold (CMC), which responded to mechanical and cooling (but not heating); (4) C-heat (CH), which were mechanically insensitive but responded to heat stimuli; and (5) Ccooling/cold (CC), which were mechanically insensitive but responded to lowering skin temperature. Of the total 110 C-fibers characterized in naive mice, the largest group of cutaneous C-fibers was that classified as polymodal (61%; n ϭ 68). The other groups were less prevalent. CMs constituted 17% (n ϭ 20), CMCs 14% (n ϭ 15), CHs 5% (n ϭ 5), and CCs 2% (n ϭ 2) of recorded afferents. Overall, the different C-fiber groups had similar mechanical and thermal thresholds. In naive mice, the average heat threshold for the CPMs was 42.6 Ϯ 0.5°C, and, for CH fibers, it was 41.0 Ϯ 1.6°C. The average mechanical thresholds were 20.9 Ϯ 2.2 mN for CPM fibers, 27.8 Ϯ 6.2 mN for CM fibers, and 11.4 Ϯ 5.8 mN for CMC fibers. Although the mechanical Figure 1 . Light micrographs of saphenous nerve innervation area of the skin immunopositive for PGP9.5. Seven days after axotomy of the saphenous nerve, the skin is virtually devoid of neuronal innervation (A). Two weeks after injury, the dermis begins to be reinnervated (B; arrows). The epidermis is first reinnervated 3 weeks after injury (C; arrowhead), whereas, four weeks after nerve transection, the epidermis (arrowheads) and dermis (arrows) are readily reinnervated (D). The innervation pattern is not as extensive as uninjured control skin at any of the time points (E). Diagram of area of hairy hindpaw skin taken for PGP9.5 immunocytochemistry (F ). Scale bar, 500 m.
thresholds for the CPM fibers were lower on average than for the CM fibers, they were not significantly different ( p ϭ 0.1). Although the CMC fibers were not statistically different from CPM fibers, they were different from the CM fibers ( p ϭ 0.05). However, this finding is somewhat misleading because some fibers in the CMC group had thermal thresholds in the noxious range but had mechanical thresholds that would be considered to be innocuous (i.e., Ͻ5 mN) (Lawson et al., 2008) .
In naive SW mice, 76 cutaneous sensory neurons were intracellularly labeled, recovered, and immunohistochemically characterized. The result of this analysis was in complete agreement with our previous studies (Woodbury et al., 2004; Lawson et al., 2008) . For example, we found that 17 of 26 CPM fibers (65%) bound IB4, whereas none stained positively for TRPV1 (0 of 18) (Fig. 2, Table 1 ). In addition, many myelinated nociceptors were found to contain ASIC3 (5 of 6) and/or TRPV2 (6 of 14) (McIlwrath et al., 2007; Lawson et al., 2008) . Fifty percent of CM fibers (n ϭ 2 of 4) also bound IB4, and none were found to be TRPV1 positive. Four cells characterized as mechanically insensitive, and heat-sensitive CH fibers did not bind IB4 (data not shown) but all were immunopositive for TRPV1 (Table 1) . These CH neurons were also found to be immunoreactive for GFR␣3 (Fig. 2) , although this was only determined for two of the CH fibers. The finding that positive TRPV1 staining and IB4 binding were found in functionally different subsets of cutaneous C-fibers is in agreement with previous studies showing a lack of colocalization of these markers in mice in general (Zwick et al., 2002) and specifically in CH fibers (Lawson et al., 2008) . All CMC fibers were found to be IB4 negative.
Regenerated A-fibers
Examination of the response properties 4 -6 weeks after axotomy and successful regeneration demonstrated that A-fiber nociceptors had a significant reduction in their mechanical thresholds (7.8 Ϯ 2.9 vs 21.9 Ϯ 3.5 mN; p Ͻ 0.02, Kruskal-Wallis and Dunn's post hoc analysis). Thermal thresholds were also found to be significantly decreased at this time point (37.4 Ϯ 1.0 vs 41.7 Ϯ 0.9°C; p ϭ 0.02) relative to naive controls (Fig. 3) . After 10 -12 weeks of recovery from saphenous nerve axotomy, the decrease in mechanical thresholds was no longer significant (23.6 Ϯ 5.3 mN); however, thermal thresholds of A-fiber nociceptors remained significantly decreased (37.5 Ϯ 0.6°C; p ϭ 0.02). Although myelinated low-threshold mechanoreceptors did not show statistically different mechanical thresholds, there were sig- 
Another case of a Neurobiotin-labeled cell (E; arrows) that was found to be immunopositive for TRPV1 (F; arrows) and GFR␣3 (G; arrows). This cell was mechanically insensitive but responded to heat, characterizing it as a CH fiber (H ).
nificant differences in the mean firing rates and peak instantaneous frequencies of SA1 fibers to higher intensities of mechanical stimuli when compared with naive mice ( p Ͻ 0.05, ANOVA and post hoc analysis) (Fig. 4) . This suggests that, after reinnervation, SA1 fiber function does not completely return to prelesion levels.
Regenerated C-fibers
Shortly after functional reinnervation of the cutaneous target (4 -6 weeks), CPM thermal thresholds were significantly reduced to 39.8 Ϯ 1.2°C ( p ϭ 0.02) (Fig. 3) ; however, mechanical thresholds were not significantly different at this time point (22.0 Ϯ 6.0 mN; p ϭ 0.9). At 10 -12 weeks after saphenous nerve axotomy and regeneration, CPMs still showed a significant decrease in thermal threshold (40.1°C Ϯ 0.9; p ϭ 0.02), whereas mechanical threshold remained similar to naive values (23.2 Ϯ 2.4 mN; p ϭ 0.9). CM fibers showed no difference in mechanical threshold 10 -12 weeks after regeneration (13.2 Ϯ 5.0 mN; p ϭ 0.2; only one CM fiber was recovered from the 4 -6 week time point). CH fibers also showed no change in thermal threshold (42.4 Ϯ 2.6°C, p ϭ 0.7 at 4 -6 weeks; 45.7 Ϯ 1.9, p ϭ 0.2 at 10 -12 weeks) at any time points tested after axotomy. Interestingly, the prevalence of CH fibers significantly increased after regeneration ( p ϭ 0.001) (Fig. 5) . At 4 -6 weeks after nerve cut, 19% of all recorded C-fibers were found to be mechanically insensitive CH neurons, and, by 10 -12 weeks, this percentage rose to 27%. This increase in CH fibers was coupled with a decrease in the percentage of CMC and CM fibers (Fig.  5) .
Immunostaining of identified cutaneous fibers
We have examined the neurochemical phenotype of 76 cutaneous sensory neurons from naive mice and 53 regenerated fibers from lesioned mice. Because the results were similar between the 4 -6 week groups and the 10 -12 week survival groups, they have been combined for ease of presentation. In naive mice, we recovered 38 functionally characterized C-fibers. We found that most CPM fibers stained positively for IB4 (17 of 26), and all were TRPV1 negative (0 of 18) (Fig. 2, Tables 1, 2 ). These findings are consistent with our previous findings (Lawson et al., 2008) . The only other group to bind IB4 was the CMs, in which 50% (2 of 4) were positive. The only fibers to stain positively for TRPV1 were the mechanically insensitive CH fibers (4 of 4), whereas calcitonin gene-related peptide (CGRP) was found in some CM, CMC, and CPM fibers. Given the high degree of overlap between TRPV1 and CGRP (Funakoshi et al., 2006; Price and Flores, 2007) , most of the CH fibers would also contain CGRP. For the myelinated fiber group, we only examined those classified as nociceptive fibers. We found that many of these fibers stained positively for TRPV2 (6 of 14), and most were positive for ASIC3 (5 of 6), which is in agreement with our previous findings (McIlwrath et al., 2007; Lawson et al., 2008) .
After regeneration, all eight CH fibers were found to be TRPV1 positive; however, five of nine examined were also found to bind IB4 (Fig. 6, Tables 1, 2 ). In addition, we found that some . Firing rates and instantaneous frequencies of SA1 neurons to mechanical stimulation before and after regeneration of the saphenous nerve. A, The number of spikes per second at 10 and 50 mN forces in SA1 fibers is significantly reduced after axotomy and regeneration (black) compared with naive mice (gray). B, The instantaneous frequency of SA1 fibers is also reduced during 10 and 50 mN mechanical stimulations after nerve transection and regeneration (black) relative to uninjured controls (gray). At 10 mN, naive, n ϭ 11; regeneration, n ϭ 8. At 50 mN, naive, n ϭ 13; regeneration, n ϭ 11. *p Ͻ 0.05. Figure 3 . Electrophysiological response properties of DRG neurons before and after axotomy of the saphenous nerve in the skin-nerve DRG-spinal cord ex vivo preparation. Polymodal C-fibers did not show any change in mechanical threshold after regeneration (4 -6 weeks, n ϭ 18; 10 -12 weeks, n ϭ 13) relative to uninjured (n ϭ 66) neurons (A); however, 4 -6 weeks (n ϭ 19) and 10 -12 weeks (n ϭ 18) after injury, there was a significant reduction in the thermal thresholds of these neurons compared with naive (n ϭ 60) mice (B). A-fiber nociceptors showed a decrease in both their mechanical (naive, n ϭ 24; 4 -6 weeks, n ϭ 7; 10 -12 weeks, n ϭ 26; C) and thermal (naive, n ϭ 12; 4 -6 weeks, n ϭ 4; 10 -12 weeks, n ϭ 10; D) thresholds after saphenous nerve axotomy. Mechanical threshold returned to baseline, however, 10 -12 weeks after injury in these fibers, whereas thermal threshold remained significantly lower. *p Ͻ 0.02.
of the CPM fibers were IB4 and TRPV1 positive (3 of 19) after regeneration. Based on the results presented in the current study, these differences in staining did not reach statistical significance, However, in our previous publication (Lawson et al., 2008) , we found that none of the CH fibers bound IB4 (0 of 11), and none of the CPM fibers stained positively for TRPV1 (0 of 62). Given these previous results, this altered staining is a significant departure from that seen in naive mice. CM fibers were also found to bind IB4 (2 of 3) after axotomy as in naive mice, but none of these were immunoreactive for TRPV1.
To determine whether de novo expression of TRPV1 or IB4 binding may have been responsible for changes in neurochemical phenotype of DRG neurons after regeneration, we quantified the percentage of double-labeled IB4 and TRPV1 neurons in the DRGs after axotomy. In naive SW mice, 10.1 Ϯ 1.1% of IB4 positive neurons in the L2 and L3 DRGs colabeled for TRPV1, and 11.1 Ϯ 1.5% of TRPV1 immunopositive cells bound IB4. At 4 -6 weeks after axotomy and regeneration, there was a significant increase in overlap because 22.0 Ϯ 4.2% of IB4 neurons were immunopositive for TRPV1, whereas 35.0 Ϯ 8.2% of TRPV1 cells were IB4 positive. The findings after 10 -12 weeks were similar because 20.7 Ϯ 2.5% of IB4 neurons were TRPV1 positive and 34.2 Ϯ 2.6% of TRPV1 immunolabeled neurons were IB4 positive (Fig.  6 I, J ) . The number of TRPV1-positive neurons was not altered at either time point after axotomy and regeneration (17.8 Ϯ 0.9, naive; 16.3 Ϯ 0.7, 4 -6 weeks; 14.5 Ϯ 1.9, 10 -12 weeks). Conversely, the average number of IB4-positive neurons was increased from 19.4 Ϯ 1.5 to 24.7 Ϯ 1.4 at 4 -6 weeks and to 24.0 Ϯ 2.0 at 10 -12 weeks. These findings suggest that the increase in overlap in TRPV1 and IB4 labeling is attributable to an increase in the numbers of cells binding IB4 and not to de novo expression of TRPV1.
Another interesting finding was that, after regeneration, the CPM fibers were the only C-fiber group that showed a change in CV. This group had a significant decrease in CV (naive, 0.59 Ϯ 0.02 m/s; regenerated, 0.47 Ϯ 0.02; p Ͻ 0.001). This raises the possibility that some of the normally slower conducting CH fibers (naive, 0.39 Ϯ 0.02 m/s; regenerated, 0.40 Ϯ 0.04 m/s) (Lawson et al., 2008) gained mechanical sensitivity after regeneration, moving them into the CPM group and thus reducing the mean CV for this class of afferents.
Saphenous nerve axotomy induces changes in gene expression in the cutaneous target and DRGs
We next investigated the possibility that changes in gene expression in the skin and/or DRGs could play a role in the changes in sensory neuron response properties after axotomy and regeneration. We analyzed changes in gene expression using real-time PCR and/or Western blot on the hairy hindpaw skin and L2/L3 DRGs of mice 7, 14, 21, 28, or 70 d after transection. Four naive mice and three to four axotomized mice per time point were used for reverse transcription-PCR analysis. At 7 d after axotomy when the skin was denervated (Fig. 1 A) , artemin (131 Ϯ 32%), GDNF (54 Ϯ 15%) (Fig. 7A) , NT-4/5 (102 Ϯ 10%), TRPV3 (77 Ϯ 16%), and TRPV4 (140 Ϯ 16%) were detected. Artemin, GDNF, and TRPV4, but not NT-4/5 or TRPV3, remained significantly elevated 14 d after saphenous nerve transection, a time in which the dermal region was beginning to be reinnervated by saphenous nerve fibers (Fig. 1 B) . At 21 d after nerve cut when the epidermis was first being reinnervated by axons of the saphenous nerve, NGF (79 Ϯ 17%) was significantly increased. Artemin, GDNF, and TRPV4 also remained elevated at this time point. NT-3 levels (34 Ϯ 12%) and BDNF (47 Ϯ 10%) were both elevated at this time point, but these increases did not reach statistical significance (NT-3, p ϭ 0.06; BDNF, p ϭ 0.08). Four weeks (28 d) after nerve injury when the cutaneous target is heavily reinnervated, all of the aforementioned neurotrophic factor mRNA levels had returned to baseline. After 10 weeks, only NT-4/5 (50 Ϯ 9%) displayed an increase in expression, whereas TRPV3 was decreased (Ϫ90 Ϯ 23%). p75 neurotrophin receptor was significantly upregulated from 7 d (154 Ϯ 25%) to 4 weeks (98 Ϯ 12%). No change in neurturin was detected in the skin after saphenous nerve axotomy at any time tested (Table 3) .
Corresponding to the changes in neurotrophic factor signaling in the target, artemin receptor GFR␣3 (41 Ϯ 8%) (Fig. 7B) , purinoreceptor P2X 3 (85 Ϯ 7%) and ASIC3 (45 Ϯ 10%) were increased in the L2/L3 DRGs during denervation of the skin 7 d after nerve transection. After 14 d when the skin was initially being reinnervated, GDNF receptor GFR␣1 (102 Ϯ 23%), G-protein-coupled receptors P2Y 1 (83 Ϯ 20%) and P2Y 2 (151 Ϯ 15%), and TRPV2 (46 Ϯ 16%) were upregulated. When the epidermis was first experiencing axon reinnervation 21 d after axotomy, neurturin receptor GFR␣2 (Ϫ59 Ϯ 17%) was significantly decreased, whereas GFR␣1 (159 Ϯ 22%), P2X 3 (49 Ϯ 6%), and P2Y 2 (255 Ϯ 13%) remained significantly elevated. After functional reinnervation of the target (28 d), TRPV1 (40 Ϯ 8%) was significantly upregulated, whereas all other genes tested returned to baseline levels. At 10 weeks after axotomy, TRPV1 continued to increase (87 Ϯ 21%) and ASIC2a was significantly increased (43 Ϯ 10%). Trks did not significantly change as a result of axotomy at any time tested with the exception of trkC, which was decreased at 10 weeks (Ϫ84 Ϯ 11). p75, TRPA1, and ASIC1 were also not significantly altered in the DRGs at any time point tested after saphenous nerve injury (Table 4) . Western blot analysis verified that changes in mRNA corresponded to changes in protein. Seven days after saphenous nerve axotomy, densitometry analysis determined that there was a 54% increase in artemin protein in the hairy hindpaw skin (Fig. 7A, inset) and a 53% increase in the level of GFR␣3 protein in the L2/L3 DRGs (Fig. 7B,  inset) . Figure 5 . Phenotypes of C-fibers before and after saphenous nerve transection as characterized by ex vivo recording. A, Most of the C-fibers are polymodal (CPMs) under normal conditions. The remaining C-fibers are approximately of equal representation comprising those that respond to mechanical and cold stimulation (CMC), only mechanically sensitive (CM), mechanically insensitive but cold/cooling sensitive (CC), and mechanically insensitive but heat sensitive (CH). B, Regenerated C-fibers display a shift in the distribution of fiber types in that there is a significant increase in the percentage of mechanically insensitive C-fibers that respond to heat (CH). p Ͻ 0.001.
Discussion
Damage to peripheral nerves can lead to mechanical and thermal hyperalgesia and other chronic pain states. Here we have documented after peripheral nerve transection and regeneration that cutaneous nociceptive fibers exhibit increased sensitivity to peripheral stimuli. We also found that changes in cutaneous levels of various neurotrophic factors occurred after denervation and/or during reinnervation by the regenerating saphenous afferents. In addition, these changes were correlated with changes in expression of specific receptors and channels in the appropriate DRGs.
Axotomy and regeneration alters the response properties of sensory neurons and gene expression in the DRGs and skin
The effects of axotomy and successful regeneration varied among different groups of cutaneous sensory neurons examined. Among myelinated fibers, nociceptors were found to have decreased thermal and mechanical thresholds, whereas SA1 low-threshold mechanorecep- Figure 6 . Characterization of the immunocytochemical and electrophysiological response properties of regenerated C-polymodal (CPM) and C-heat only (CH) fibers in the L2/L3 DRG using the ex vivo preparation. An example of a CPM (D) neuron intracellularly labeled with Neurobiotin 4 weeks after axotomy (A; arrows) was found to be immunopositive for TRPV1 (B; arrows) and positive for IB4 (C; arrows). AnothercellcharacterizedasaCH(H)filledwithNeurobiotin(E;arrows)wasfoundtobeimmunopositiveforTRPV1(F;arrows)andpositiveforIB4binding(G;arrows).QuantificationofTRPV1immunoreactivity and IB4 binding in uninjured and injured DRGs shows that there is a significant increase in the percentage of cells that double label for both TRPV1 and IB4 4 -6 weeks and 10 -12 weeks after axotomy (I). This wasfoundtobetruewhetherthenumberofdouble-labeledcellswasquantifiedasapercentageofIB4bindingorTRPV1immunoreactivity.AnalysisoftotalIB4bindingandTRPV1labelingperfieldofview(see Materials and Methods) suggests that there is an increase only in the number of IB4 neurons after axotomy and regeneration (J). *p Ͻ 0.05. Figure 7 . Change in expression of artemin in hairy hindpaw skin and GFR␣3 in L2/L3 DRGs at various times after saphenous nerve axotomy. Artemin mRNA is significantly increased in the hairy hindpaw skin 7 d (131 Ϯ 32%), 14 d (102 Ϯ 7%), and 21 d (114 Ϯ 7%) after saphenous nerve axotomy. mRNA expression returns toward baseline levels by 28d (A). Western blot analysis verified that an increase in mRNA expression corresponded to an increase in protein expression. Artemin protein was increased 54% in the cutaneous target of the saphenous nerve 7 d after axotomy (A, inset). GFR␣3 mRNA was also significantly enhanced in the L2/L3 DRGs 7 d after nerve cut (41 Ϯ 8%) but quickly returned to baseline levels by 14 d (B). The change in mRNA was confirmed by Western blot analysis in which a 53% increase in GFR␣3 protein was detected in the L2/L3 DRGs 7 d after saphenous nerve transection (B, inset). *p Ͻ 0.05. tors exhibited normal thresholds but decreased firing rates to mechanical stimuli. The increase in myelinated nociceptor sensitivity coincided with altered expression of NGF in the reinnervated skin and ASIC3 and TRPV2 in the DRGs. In addition, recent data have described mechanical sensitization of myelinated nociceptors in mice that overexpress NT-3 (McIlwrath et al., 2007) . Thus, it should be noted that there was a trend toward increased in NT-3 levels in the skin at 21 d ( p ϭ 0.06). Regardless, many myelinated nociceptors do label positively for ASIC3 and/or TRPV2 (McIlwrath et al., 2007; Lawson et al., 2008) , and at least some of this increase could be attributable to cells responsive to NGF (Wright and Snider, 1995) . The time course of NGF expression in our experiments is different from previous reports describing an increase in NGF within a shorter time frame (Mearow et al., 1993) ; however, this study axotomizes multiple nerves and samples a larger area of denervation. Because we are only axotomizing a single nerve, it is not unexpected to see a slightly different time course in NGF production.
It should also be noted, however, that changes in expression of ASIC3 and TRPV2 in the DRGs begin before the increased expression of NGF in the skin. This suggests that initiation of these changes does not require alterations in cutaneous levels of neurotrophic factors. The rapid increased expression of these channels in the DRG could be attributable to the injury itself or changes in the neurotrophic factors or other signaling molecules at the injury site (Taniuchi et al., 1986; Lee et al., 2001; Campana et al., 2006; Hoke et al., 2006) . Thus, a combination of enhanced signaling through NGF/trkA and the changes in mechanically and thermally sensitive ion channels such as ASIC3 and TRPV2 could lead to the documented changes in A-fiber sensitivity (Table 4) (Tominaga and Caterina, 2004; Bender et al., 2005; Mogil et al., 2005; McIlwrath et al., 2007; Rau et al., 2007; Sluka et al., 2007) .
Distinct functional groups of C-fibers were also affected differently after regeneration. CPMs displayed a reduction in thermal threshold with no change in mechanical sensitivity. The majority of these fibers innervating hairy skin bind IB4 and respond to target-derived GDNF (Molliver et al., 1997; Bennett et al., 1998; Leitner et al., 1999; Zwick et al., 2002; Albers et al., 2006) . Here we observed that, after nerve injury, GDNF expression is extensively increased in the skin, and its receptor GFR␣1 is significantly enhanced in the DRGs (Tables 3 and 4) . A recent study has shown that acute cutaneous injection of GDNF can induce thermal hyperalgesia in vivo . Therefore, it is reasonable to suggest that greater signaling through the GDNF/ GFR␣1 pathway could underlie the changes in thermal sensitivity in CPM neurons after axotomy and regeneration. Whereas the heat sensor in these cutaneous nociceptors is unknown, it is clear that it is not TRPV1 because CPM fibers have normal heat sensitivity in TRPV1 Ϫ/Ϫ mice (Woodbury et al., 2004; Lawson et al., 2008) . It will therefore be important in the future to determine whether the observed axotomy-induced changes in levels of other molecules such as purinergic receptors P2X 3 or P2Y 1 may play a role in this process, because these receptors are known to colocalize with IB4 in DRG neurons (Bradbury et al., 1998; Ruan and Burnstock, 2003) and have been shown to play a role in neuronal sensitivity (Souslova et al., 2000; Honore et al., 2002; Gerevich et al., 2004; Shimizu et al., 2005) . It is also possible that other observed changes in cutaneous expression levels could play a role in the change in heat sensitivity of the CPM fibers. For example, both TRPV3 and TRPV4 expression is increased after denervation of the skin. Both receptors are found in keratinocytes (Chung et al., 2004) , and it has been suggested that they could be involved in the release of ATP, which may activate purinergic channels contained in the CPM fibers (Peier et al., 2002; Chung et al., 2003 Chung et al., , 2004 . Unlike CPM fibers, CH fibers that contain TRPV1 (Lawson et al., 2008) do not exhibit sensitization after regeneration. However, there is an apparent recruitment of CH fibers after regeneration (Fig. 5) , suggesting that many CH fibers are functionally silent under normal conditions but become functional after injury. In support of this possibility, Christianson et al. (2006) showed that ϳ15-20% of retrogradely labeled cutaneous C-fibers stained positively for TRPV1, whereas only 5-9% of functionally characterized cutaneous C-fibers in naive mice were CH neurons (Lawson et al., 2008) (Fig. 5A) . Moreover, the increase in the percentage of CH fibers after regeneration occurs without an increase in the number of TRPV1 cells. This change in function is also correlated with significant increases in expression of artemin and NGF in the skin and GFR␣3 and TRPV1 in the DRGs. Reports have shown that TRPV1 and GFR␣3 colocalize extensively in the DRGs (Elitt et al., 2006) , and at least some TRPV1-positve CH neurons colabel for GFR␣3 (Fig. 2) . Other studies also suggest that most TRPV1 neurons are immunoreactive for the NGF receptor trkA (Snider and McMahon, 1998; Orozco et al., 2001; Elitt et al., 2006) , both artemin and NGF may regulate TRPV1 expression (Donnerer et al., 2005; Elitt et al., 2006; Xue et al., 2007) , and these neurotrophic factors have both been shown to alter heat sensitivity . Together, these findings suggest that CH fibers may be sensitive to both artemin and NGF, and altered signaling through these pathways may play a role in the observed recruitment of CH neurons after axotomy and regeneration. One point to note is that other studies have shown a lack of changes in TRPV1 after injury (Hudson et al., 2001; Fukuoka et al., 2002) . However, these studies use different models of nerve injury (spinal nerve ligation or transection without regeneration) and/or do not analyze TRPV1 expression at time points after functional reinnervation of the target tissues, which is when we detect the initial changes in TRPV1 mRNA in the injured DRGs. Finally, it is important to mention that it is possible that intact fibers also contained within the L2 and L3 DRGs could be contributing to the observed changes in gene expression (Obata et al., 2003) . However, evaluation of the possible effects of elevated levels of cutaneous neurotrophic factors on intact fibers is beyond the scope of the present study.
Axotomy and regeneration alters the neurochemical phenotype of sensory neurons
Nerve injury was also found to induce modest neurochemical changes in sensory neurons documented by an increase in total number of IB4-positive neurons and an increase in neurons that colabeled for both IB4 and TRPV1 in the DRGs. It is possible that the observed changes in cutaneous expression of neurotrophic factors after axotomy and regeneration are also associated with the observed changes in afferent neurochemical phenotype. The most prevalent cell type seen in the DRGs of naive mice is the CPM that stains positively for IB4 but not TRPV1. In naive mice, TRPV1 is found only in the small group of modality-specific (heat), GFR␣3-positive (Fig. 2) cutaneous CH fibers that do not bind IB4 (Lawson et al., 2008) . However, some CHs and CPMs were found to colabel for both TRPV1 and IB4 after regeneration. The increase in double labeling is most likely attributable to the observed increase in the incidence of IB4 binding in DRGs 4 -10 weeks after axotomy and regeneration because the number of TRPV1-positive cells does not appear to be altered. These results also suggest the possibility that some of the artemin-responsive CH fibers may gain mechanical sensitivity after regeneration.
The apparent increase in IB4 binding contrasts with recent data describing a decrease in the number of IB4-positive cells after axotomy (Bennett et al., 2006) . This study, however, axotomized and ligated the nerve in a manner that did not allow the nerve to regenerate to its target. Additionally, treatment of axotomized neurons with artemin (Bennett et al., 2006) or GDNF (Bennett et al., 1998) prevents any decrease in IB4 binding. We have shown that, immediately after axotomy, there is a significant increase in artemin and GDNF expression in the cutaneous target and an increase in their respective receptors in the DRG. Because the regenerating saphenous nerve reinnervates an artemin-and GDNF-rich region, it is reasonable to suggest that the increase in IB4 binding after regeneration may be attributable to enhanced target-derived neurotrophic factor signaling.
Clinical relevance
We have reported recently that there are interesting similarities between the CH fibers found in the mouse (Lawson et al., 2008) and nonhuman primates (Baumann et al., 1991) and the mechanically insensitive C-fibers found in humans (Schmidt et al., 1995) . The data presented here suggest that some silent nociceptors are activated after injury and become responsive to heat and that some CH neurons gain mechanical sensitivity. Both of these phenomena may be related to the observed increases in targetderived neurotrophic factor signaling after axotomy. Interestingly, similar findings have been reported in human studies. Ørstavik et al. (2003) found in patients with erythromelalgia that afferents with the biophysical properties of mechanically insensitive fibers (MIA) appeared to gain mechanical sensitivity. In addition, in a study of patients with diabetic neuropathy, Ørstavik et al. (2006) found that the percentage of MIA fibers with similar biophysical properties almost doubled compared with healthy controls. Together, these findings suggest a potential role for altered neurotrophic factor signaling on primary afferent sensitization in neuropathic pain states.
